Abstract-We present a numerical and experimental analysis of a nonlinear architecture to overcome the gain bandwidth limitation in regenerative amplifiers. This technique is based on the optimization of dispersion and nonlinear effects during the amplification process to obtain broad-bandwidth pulses that can be compressed to short durations with high temporal quality. We demonstrate the advantage of this method to maintain an excellent temporal quality of pulses even at high levels of optical nonlinearity. The technique has been applied to regenerative amplifiers using Yb:YAG, Yb:KYW, and Yb:CALGO crystals as gain media. In all cases we achieved the shortest pulse duration ever obtained from regenerative amplifiers using the respective laser crystals. These results underline the benefits of this amplification technique with respect to current state of the art.
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I. INTRODUCTION
N OWADAYS, femtosecond diode-pumped Yb-doped solidstate laser (fs DPSSL) systems are rapidly entering industrial processing because of their unique properties allowing machining with unprecedented quality and precision [1] , [2] . The diode pumping technology applied to Yb-doped-materials allows compact, robust and efficient femtosecond laser systems. However, some emerging industrial applications, in particular processing of dielectric or semiconductor materials where the laser-matter interaction relies on multi-photon processes, would benefit from short pulse duration of less than 300 fs with few tens to few hundreds of μJ of energy per pulse. These requirements have proven to be quite challenging for Yb-doped gain matrices that do not exhibit sufficiently large gain bandwidth to provide high optical gain for such short pulses. In particular, this statement holds true for the workhorse Yb-doped crystals that are Yb:YAG and Yb:Tungstate which typically generate pulses in the 400 fs to 1 ps pulse duration after regenerative amplification.
In chirped pulse amplifiers (CPA) [3] , the minimum obtainable pulse duration is ultimately limited by gain narrowing. For a given gain factor G, this gain narrowing impact can be simply evaluated, considering Gaussian spectral shapes, as given by [4] t out = t in 1 + 4ln (2) G/ π 2 Δv 2 t in 2 where t in and t out are input and compressed output full width at half maximum (FWHM) pulse durations, and Δv is the spectral bandwidth of the gain medium.
A large value of G, which is typical in regenerative amplifiers, leads to a significant reduction of the spectral bandwidth and consequently an increase of amplified pulse duration. Of course, this effect can be partially mitigated by selecting an Yb-doped matrix with a large gain bandwidth Δv. Due to its high crystalline order, Yb:YAG exhibits a relatively narrow spectral gain bandwidth despite having excellent thermal properties (with a thermal conductivity around 10 W/m/K for an undoped crystal) and one of the highest emission cross-section among Yb-doped materials. Due to these properties, Yb:YAG regenerative amplifiers can generate high average power and high energy pulses, at the expense of long (ps) pulse durations due to the very high gain involved, typically >40 dB [5] , [6] . Yb:Tungstate materials such as Yb:KYW offer a valid alternative for generating shorter pulses at high gain levels. Indeed, the gain bandwidth of this Yb-doped matrix is broader than Yb:YAG while cross-sections remain high and thermal conductivity acceptable (around 3 W/m·K). Therefore, with Yb:KYW, high energy pulses with medium level of average power (few watts to few tens of watts) can be achieved with a pulse duration limited by gain narrowing to the 300-500 fs range [7] , [8] .
To generate even shorter pulses, broader gain bandwidth media with very disordered matrices [9] , [10] , or a combination of gain media [11] - [13] can be used. The latter can be done either in series, where the beam to be amplified propagates successively in gain media with slightly shifted gain bandwidth, or in parallel using recently demonstrated femtosecond spectral coherent combining architectures [14] , [15] . These strategies can lead to pulses shorter than 200 fs but are rather complex, which currently prevents their use outside an optical laboratory. A second architecture consists in shortening amplified pulses using well-known temporal post-compression techniques [16] , [17] , whereby spectral content is generated by self-phase modulation (SPM) in a guiding or non-guiding nonlinear medium. Subsequent dispersive elements allow a significant temporal compression. Although many interesting demonstrations have been done using this approach, its complexity and sensitivity to alignment still prevent it from spreading outside scientific laboratories.
Finally, SPM accumulated during amplification can be used to broaden the spectrum and compensate for gain narrowing. This approach has been widely studied in the context of fiber amplification and also provided promising results in the context of solid-state regenerative amplification. In particular, removal of the stretcher, typically used in CPA configuration, and therefore direct seeding of ultrashort pulses in the regenerative amplifier leads through nonlinear amplification to the generation of 250 to 350 fs pulses from Yb:KYW and Yb:YAG, respectively [18] , [19] with moderate to poor temporal quality [20] .
In this article, we introduce a novel strategy for the generation of ultrashort pulses with duration well below the conventional gain bandwidth-limited value by optimizing the chirp of the seed pulse prior to injecting it into the regenerative amplifier cavity. The carefully chosen initial chirp is fundamental in this technique and leads to a specific amplification behavior as the pulse accumulates roundtrips in the regenerative amplifier. This regime allows the generation of very short pulses together with an unprecedented temporal quality after compression. In Section II we present in detail the concept of this nonlinear amplification. Section III provides a theoretical analysis for different gain bandwidths and initial chirps in order to highlight the unique dynamics of this nonlinear amplification technique. Finally, in Section IV, we present some recent results demonstrating high temporal quality ultrashort and energetic pulse generation beyond the gain narrowing-limited compression duration based on this innovative scheme with Yb:YAG, Yb:KYW and Yb:CALGO gain media.
II. AMPLIFICATION PRINCIPLE
Unlike typical nonlinear amplifiers where either Fourier transform-limited pulses or pulses with a moderate positive chirp are seeded to the amplifier, our technique relies on the precise control of a negative initial chirp of the seed pulse. The typical layout of the system is shown in Fig. 1 .
The pulses are typically generated by an ultrafast oscillator at high repetition rate. Before amplification, a dispersive unit is inserted to control the initial amount of negative chirp before seeding to the regenerative amplifier. The negatively chirped pulses are then amplified to an energy level in the 10 -500 μJ range. In the regenerative amplifier, the mode sizes are carefully adjusted for the pulses to accumulate a significant amount of SPM while remaining below optical damage thresholds in the optical components such as the Pockels cell, polarizer, and gain medium. Finally, a compressor is used to reach the minimum pulse duration and reveal the maximum peak intensity.
The amplification behavior that is described in details in the following simulation section relies on a complex interplay between initial chirp, gain bandwidth, amount of gain, dispersion, and self-phase modulation as the dominant nonlinear effect. Because of this, the optimal operation point to obtain ultrashort and high temporal quality pulses relies on three consecutive amplification steps.
In the first stage of amplification, positive dispersion due to the propagation through the optical components in the amplifier cavity compensates for the initial negative chirp until the peak intensity becomes high enough to generate a substantial amount of SPM. This is the turning point for the second amplification step. At this point, the remaining chirp is still negative. Therefore, SPM-induced spectral compression [21] , [22] occurs and severely narrows the spectral content of the pulses until the remaining chirp is completely compensated. Then, in the third step, SPM together with positive dispersion broadens the spectrum quickly in the last few roundtrips of amplification.
The SPM-induced spectral compression stage is essential and acts as a spectral phase cleaner before the large spectral broadening occurs, leading to high temporal quality pulses after compression. We show that any substantial deviation from the parameters that leads to this three-step evolution results in either longer and/or temporally degraded compressed pulses.
III. NUMERICAL SIMULATIONS
In order to highlight the benefits of optimizing the initial negative chirp in nonlinear amplification, we perform simulations for different cases. First, a hypothetical broadband material is studied as a reference. Indeed, the processes involved in nonlinear amplification such as gain-narrowing, spectral compression and spectral broadening, can be clearly identified, and their roles are emphasized. In particular, we show the strong influence of the exact value of the initial negative chirp on the output pulse duration and temporal quality. Second, we use parameters of a Yb:KYW crystal, and compare the amplification dynamics in two cases: Fourier-transform limited seed and negatively chirped seed. The framework of the simulations corresponds to the experimental goal of reaching the 30 μJ range with a gain of 10 5 -10 6 in the amplifier while achieving short output pulse duration and preserving a good temporal quality.
Simulations are based on a split-step Fourier algorithm to solve the nonlinear Schrödinger propagation equation. The pulse evolution in energy, duration and spectrum is examined along the amplification process. The modeled elements include the Pockels cell, laser crystal, and polarizer. Only group velocity dispersion and third order dispersion are considered in the simulations. 
A. Broadband Material
The parameters used for these simulations correspond to a broadband medium with 60 nm FWHM emission spectrum amplifying pulses from 100 pJ to 30 μJ, i.e., with a 54 dB gain. Fig. 2 shows the evolution of pulse duration and spectral bandwidth during amplification in the case of an optimized input negative chirp. In this case the induced nonlinearity corresponds to a B-integral of 17 rad.
This simulation can be considered as a reference and the three above-mentioned steps are clearly identified, especially in the pulse spectrum evolution (see Fig. 2 right) . First, between roundtrips 1 and 100, gain narrowing in linear amplification regime induces a slow decrease of the bandwidth. Second, between round-trips 100 and 115, the spectral bandwidth collapses due to SPM-induced spectral compression. Third, between roundtrips 115 and 140 a quick spectral broadening occurs due to SPM in the positive dispersion regime. In the time domain, the pulse width decreases during the two first steps and increases in the final spectral broadening step where a large nonlinear phase is accumulated. In this optimized case, the final spectral bandwidth of > 30 nm exceeds by a factor of two the initial 15 nm input bandwidth and therefore can support shorter pulses.
In order to determine how critical the amount of initial negative chirp is to obtain short output pulses with good temporal quality, we now compare this optimal case to two situations where the initial negative chirp is either larger or smaller than the optimal one in absolute value.
We first focus on an intuitive case where the pre-chirp exactly compensates for the positive dispersion accumulated during the amplifier roundtrips. This chirp is larger in absolute value than the optimal one, and is further denoted as overcompensated. The pulse duration keeps decreasing during the entire amplification process and only approaches zero net chirp at the very end of the amplification process. Self-phase modulation therefore leads to spectral compression during the last few amplification roundtrips and no further spectral broadening is observed. This can be clearly observed in Fig. 3, red curves) where the spectrum first decreases due to gain narrowing and finally collapses due to nonlinear spectral compression. The output spectrum only exhibits 2 nm bandwidth compared to the 15 nm spectrum width of the input pulses. At the output of the amplifier, the peak power is comparable to the optimal case but due to the narrow spectrum and the negligible remaining spectral phase, the pulse duration after compression is long (see Fig. 3 , red curves). This overcompensated chirp situation is clearly not optimal and leads to performances that are below those of a purely linear amplifier limited by gain narrowing in terms of pulse duration.
Inversely, if we now consider the case where the input negative chirp is smaller in absolute value (undercompensated case) than the optimal case, the minimum pulse duration occurs too early in the amplification process. This leads to an early onset of self-phase modulation, but the positive dispersion accumulated thereafter temporally broadens the pulse and leads to a narrower final spectral bandwidth compared to the optimal case (see Fig. 3 , blue curves). After compression, the pulse is longer than in the optimal case.
These simulations indicate that in the case of a broadband material, nonlinear spectral compression dominates over gain narrowing only for a well-adjusted initial negative chirp (see Fig. 3, dashed curves) . As we will see in the following, in the case of narrower bandwidth materials such as Yb:KYW or Yb:YAG, the role of the negative pre-chirp is more subtle.
B. Yb:KYW as an Example of a Narrower Bandwidth Material
The role of optimal pre-chirp in nonlinear amplification is clearly identified in the previous section. We now examine the case of standard available Yb-doped materials that exhibit smaller gain bandwidths. In particular, we address two questions. First, in these gain media showing narrower bandwidth, is the transition between gain narrowing and nonlinear pulse compression so clear and important? Second, may the reduced amount of spectral broadening in the undercompensated case be We first compare the optimal pre-chirp case and, as an extreme undercompensated case, a Fourier transform-limited input pulse. The spot sizes and gains are assumed to be the same in both cases. Fig. 4 shows the results for an optimum negative pre-chirp (red), and for a Fourier transform-limited seed pulse (blue). The amplifier using pre-chirp still shows a significant advantage in terms of output pulse width and temporal quality, although the spectral compression transition is much less pronounced.
The pre-chirped seed case shows a larger spectral bandwidth at the output, leading to the conclusion that the unchirped seed case might show better performances if the nonlinearity level is increased by changing the spots sizes in the amplifier elements. We therefore carry out simulations where the only changed parameter is the nonlinearity level in the unchirped seed case, in order to match the output spectral bandwidth to that of the pre-chirped seed case. The results are plotted in Fig. 5 .
In both cases the accumulation of nonlinear effects is well controlled and leads to a good compression close to the Fourier transform limit, with a temporal Strehl ratio in the 0.94-0.96 range [see Fig. 5 , Bottom (Left)]. However, stronger pedestals appear compared to pre-chirped case. The value of the B-integral in the unchirped seed case is 6 rad, while it is 7 rad for the optimal pre-chirped case. However, in the pre-chirped case, spectral compression leads to a quasi-Fourier transform limited pulse close to the end of the amplification process, at roundtrip number 80. The B integral accumulated from this point is reduced to 5.9 rad. This also allows a more symmetric temporal shape of the uncompressed pulse at the output, together with a smoother To quantify the pulse quality in both cases, we calculate the amount of energy contained in the main pulse, assuming a Gaussian shape for the integraloverlap. For the pre-chirped seed pulse this value is 96% while it is reduced to 87% for the unchirped seed pulse. These simulations confirm the advantage of an optimized negative input chirp for nonlinear amplification in terms of output pulse width and temporal quality.
IV. EXPERIMENTAL RESULTS
We now present experimental results that were all obtained using the nonlinear architecture described in Fig. 1 . We used this configuration with three different regenerative amplifiers. The first one is a high power system based on an Yb:YAG thin disk-crystal [23] ; the second one is a short pulse system based on Yb:KYW, and the third one is an ultrashort pulse system based on a broadband Yb:CALGO crystal in order to investigate limitations in pulse duration.
A. Yb:YAG Thin Disk Regenerative Amplifier
The seed is a fiber oscillator delivering ∼10 nm bandwidth pulses at 41 MHz at an average power of 10 mW. An initial negative chirp is applied to the pulses and leads to a duration prior to amplification of 6 ps. The gain medium is a 220 μm Yb:YAG thin-disk with 7% doping concentration. It is pumped with a 150 W laser diode at 940 nm. The amplifier operates at 36 W average power. At 100 kHz, 360 μJ pulses are generated, and the output autocorrelation trace FWHM is 400 fs (see Fig. 6 , Right). Assuming an autocorrelation deconvolution factor of 0.7, this leads to an estimated pulse duration of 295 fs. The estimated value of the B-integral in the system is 10 rad. This large amount of nonlinearity is visible in the measured spectrum; the spectrum has three lobes for an overall 10 nm FWHM bandwidth (see Fig. 6 , Left).
Compression of the pulses in performed using a set of dispersive Gires-Tournois-Interferometer (GTI)-based mirrors, leading to a compressor transmission greater than 95%. However, a slight difference between simulated and measured autocorrelation is observed, that we attribute to imperfect dispersion compensation by this set of GTI. Still, the achieved duration is significantly shorter than what is typically obtained with such gain medium, with a pedestal-free autocorrelation. The output pulse energy is >300 μJ with < 300 fs pulse for a gain of 60 dB. These performances are unprecedented in terms of pulse duration for a high gain Yb:YAG amplifier.
To decrease the pulse duration even further, we applied this technique to a regenerative amplifier based on Yb:KYW.
B. Yb:KYW Regenerative Amplifier
The laser oscillator is almost identical to the one used for the Yb:YAG amplifier and delivers pulses centered at 1030 nm with a spectral bandwidth of ∼10 nm at 40 MHz and an average power of 10 mW. The pulses are negatively pre-chirped leading to a moderately stretched pulse duration of less than 5 ps. The crystal used inside the amplifier is a 7 at% doped Yb:KYW with 0.5 mm gain length. It is longitudinally pumped with a 15-W, 400-μm-diameter-fiber-coupled laser diode emitting at 976 nm. The pump beam is 1:1 imaged in the crystal. The cavity length is 3 m (corresponding to a round trip time of 20 ns). In order to easily optimize the pulse duration, the compressor uses transmission gratings of 500 grooves per mm and exhibits an overall efficiency of 75%.
At 50 kHz, the Yb:KYW amplifier generates an energy of 32 μJ after compression with a pulse duration of 150 fs and 1.6 W of average power, corresponding to a B-integral of 6 rad. The spectrum shows two lobes and exhibits a FWHM bandwidth of 14 nm (see Fig. 7 , Left). The FWHM duration of the autocorrelation is 203 fs. Numerical simulations have been performed and both the spectrum and the autocorrelation show a quantitative agreement as shown in Fig. 8 . By this mean we can estimate that the temporal Strehl ratio is 96% with a peak power of 220 MW, and a pulse width of 150 fs (see Fig. 7, Right) . Yb:KYW regenerative amplifier systems can therefore be substantially improved in terms of pulse duration by implementing this technique of nonlinear amplification. To decrease the amplified pulse width even more, we now turn to a less conventional broadband laser crystal.
C. Yb:CALGO Regenerative Amplifier
The Yb:CALGO material stands out among novel gain media because it has the broadest emission cross-sections together with good thermal and mechanical properties [24] , [25] . Indeed, with a emission bandwidth of ∼60 nm spanning from 1010 to 1070 nm and its thermal conductivity of 9.7 W·K −1 (undoped matrix), Yb:CALGO holds great promises with respect to average power scaling. Very encouraging results have already been demonstrated with this crystal in oscillator and linear CPA systems [26] - [30] . To decrease further the pulse duration in amplified systems, we have applied the nonlinear regenerative amplifier technique to this crystalline laser medium.
The ultrafast oscillator generates a train of 165 fs pulses centered at 1047 nm with a spectral bandwidth of 15 nm at 46 MHz and an average power of 10 mW. Before seeding into the regenerative amplifier, the pulses are negatively stretched to ∼20 ps by use of a 800 l/mm transmission grating-based dispersive line. The gain medium is a 4-mm-long AR-coated 5% Yb-doped CALGO cut along the a axis. It is pumped at 980 nm with a fiber-coupled unpolarized laser diode delivering an average power of 12 W. The pump beam is 1:1 imaged in the crystal through a dichroic mirror. The cavity length is 1.3 m. A 500 l/mm grating-based compressor is used to compress the output chirped pulses with an overall efficiency of 60%. This low value is due to the low diffraction efficiency of the grating used and spectral losses in some components of the compressor.
At 50 kHz, the Yb:CALGO amplifier generates output pulse energy of 24 μJ after compression with a pulse duration of 97 fs for an average power or 1.2W [31] . The B-integral in this configuration is 17 rad. The results of the SHG-FROG measurement is confirmed by cross-checking with independent autocorrelation and spectrum measurements as shown in Figs. 8  and 9 . The retrieved temporal profile shows a FWHM duration of 97 fs, excellent temporal quality, and quantitative agreement with simulations. The spectrum has a FWHM bandwidth of 19 nm corresponding to a time-bandwidth product of 0.5, again in good agreement with the numerical model. The temporal Strehl ratio is in this case 84% and the peak power 218 MW. In this experiment, the Fourier-transform limited pulsewidth is 87 fs.
Finally, we compare the evolution of the experimentally measured and simulated spectral bandwidths during amplification in order to validate our simulation and optimization approach, as shown in Fig. 10 . A quantitative agreement is observed, indicating that the model can be used to analyze the obtained results and to predict the behavior of the nonlinear regenerative amplification. Table I summarizes the parameters used in all numerical simulations. Table II summarizes the experimental data obtained with the three reported laser systems. The main differences between the two first reported systems and the Yb:CALGO case are the following: first, the nonlinearities in the Yb:CALGO regenerative amplifier essentially originate from the gain medium, which is not the case in the other regenerative amplifiers due to the thin-disk geometry; second, the gain in Yb:CALGO is significantly lower which leads to more roundtrips for efficient energy extraction and hence a higher amount of negative dispersion for pre-compensation.
D. Synthesis
In the general case, the saturation fluence may be an issue. Anyways, it appears in our case that this point is not critical for two reasons. Firstly, in all the described regenerative amplifiers, we are working with pulses fluences far below the saturation fluences of the different gain media. Secondly, the gain saturation only occurs in the few last roundtrips without major impact on the overall pulse evolution.
V. CONCLUSION
We analyze in detail, both, numerically and experimentally, a new nonlinear amplification technique optimized for regenerative amplifiers. Understanding the evolution of the pulse during the amplification process allows for optimizing the chirp of the input pulse in order to obtain the desired nonlinear effects, and ultimately the shortest possible output pulse duration at a given objective for the extracted pulse energy. We demonstrate the advantage of this method over direct seeding of unchirped pulses in the amplifier. In particular, the temporal quality of amplified pulses is shown to be significantly increased.
These results have been validated by experimental demonstrations using different gain media: sub-300 fs pulses with an energy of 360 μJ and a peak power exceeding 1 GW are reported from an Yb:YAG-based amplifier. Amplified pulses as short as 150 fs with an energy of 32 μJ are obtained from a regenerative amplifier based on Yb:KYW. Finally, we show that the use of a broadband crystal such as Yb:CaGdAlO 4 allows the generation of sub-100 fs pulse, thus bringing Yb-doped materials amplifiers to a parameter regime so far reserved to more complex Ti:sapphire amplifiers. We believe this technique to be very promising for the development of compact industrial systems operating in the range from 10 s to 100 s μJ. 
Julien Pouysegur

